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INTRODUCT ION 


It  is  generally  accepted  that  Agl  in  a  finely  Subdivided  form  and 
suspended  in  air  provides  the  most  practical  and  efficient  means  of 
modifying  supercooled  clouds.  Thus  it  comes  as  somewhat  of  a 
surprise  that  in  more  than  25  years  since  Vonnegut  [l3,  [23 
discovered  the  ice  nucleating  ability  of  Agl,  no  one  yet  has 
given  a  proven  explanation  of  the  behavior  of  Agl  as  a  function  of 
its  subdivision.  That  information  is  of  obvious  practical 
importance.  For  most  modifications  the  vastness  of  the  atmosphere 
dictates  that  the  output  of  Agl  particle  generators,  which  can 
vary  over  as  many  as  four  order  of  magnitudes  [33,  be  optimized. 

In  addition,  others  CO,  [53  have  suggested  that  a  numerical 
(  value  of  the  efficiency  is  also  required,  since  the  outcome  of 
the  cloud  seeding  depends  on  the  in-cloud  concentration  of 
the  Agl  part ic les . 

At  first  glance  the  largest  number  of  Agl  particles  capable  of 
nucleating  ice  simply  might  oe  synonymous  with  the  greatest 
attainable  state  of  subdivision  of  the  bulk  Agl  in  the  generator. 
Unfortunately,  that  is  not  the  case.  There  must  exist  a 
particle  size  below  which  the  particles'  curvature  and  limited 
surface  area  inhibit  nuclea+ion,  A  further  complication  is  the 
need  to  specify  which  of  several  nucleating  mechanisms  are 
involved  in  the  cloud,  and  how  those  are  dependent  on  the  particles' 
size.  Theoretical  and  experimental  attempts  have  been  made  to 
determine  the  Agl  particle  s i ze-ice-nud eat i ng  activity 
relationship.  However  the  theory  has  not  yet  been  proved  correct, 
and  the  experiments  nave  been  very  limited.  This  paper,  the 
first  of  a  four  part  series,  introduces  our  effort  towards 
filling  this  gap  i n  our  know  I  edge  . 


FLETCHER'S  THEORY 

For  a  Time  it  seemed  that  Fletcher  [63,  [73  had  developed  a 
successful  theory.  He  essentially  applied  the  classical  nucleatlon 
theory  of  Volmer  and  Weber  [83  to  Agl  particles  which  had  a 
uniform  crystalline  surface  and  which  nucleated  ice  by  sub¬ 
limation."  The  theory  also  required  specifying  a  value  for  the 


"The  term  sublimation,  as  used  by  Fletcher,  s+rictly  refers  to  the 
process  in  which  ice  nucleates  on  the  particles  directly  from  the 
Surrounding  vapor.  In  this  paper  sublimation  will  also  include  ice 
nucleotion  at  and  below  water  saturation  without  the  presence  of 
macroscopic  quantities  of  water.  The  adsorption  of  water  onto  the 
Aul  surface  to  form  liquid  embryos  which  subsequent ly  freeze  is  thus 
included.  Freezing  will  refer  to  ice  r uc I  eat i on  when  the  Agl 
particle  eifhei  contacts  or  is  enclosed  in  a  water  droplet. 
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•.in known  contact  angle  of  ice  on  the  Agl  surface.  Fletcher 
assured  that  all  particles  larger  than  2  pm  in  diameter' nuc  loot  ec 
ice  by  sub  I  i  root  ion  at  the  observed  activity  threshold  of  about 
|lo  then  used  his  theory  to  calculate  an  of  fee*  i  vo  con*  act 
angle.  The  completed  theory  predicted  that  o  differ  on:  fhresho! 
1  etrpet  oture  existed  in  the  nuc  I  eat  ion  ability  for  each  size  of 
Agl  particle.  Fletcher  used  those  thresholds  to  corpute  his 
familiar  activity  curve  where  the  log  ^  of  file  ri umber  of  active 
particles  per  gram  of  Agl  is  civc-n  as  a  fund  ion  of  subf  r  ee/ i  no 
!  eirperature .  The  theory  found  strong  supper:  from  the  ictivilU 
of  Agl  smokes  measured  in  laboratory  cola  boxes.  Often  I  ho 
y.pe ri  mental  curves  roughly  para!  lei  "d  the  thoorot  i cal  curve, 
white  at  most  the  difference  between  the  two  was  several  orders 
•'f  magnitude  (e.g.,  Vonnegut  Grant  arid  Steele 
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3  sequent  I  y  a  large  amount  of  experimental  work  suers*  store!  rfiat 
?tchor’s  theory  trad  serious  t  i  aws .  The  action  of  Agl  as 
>  I  i  m.*»  t  i  on  nucleus  was  initially  oho  1 1  enoed  by  o+h**r  irons  u  re  men  ts 
the  f roez i no  t hr esho I d .  numerous  worker  v  (e . a . ,  bayn roe  I ! e 
•],  Koul  leau  [.  I  7  J ,  and  tfason  and  Van  iter  Heuvel  [icj)  found 
f  rc-ezi  r.g  fhrc-r-hold  of  at.  out  -4C .  Edwards  and  r  van-  [.  I  9.1 
tr  tbuted  Bigg's  and  Hof  for  *  <  colder  values  to  f'he  depr  ess  ?  o  r  ’•  of 
■  freezing  threshold  by  the  presence  of  iodide  ions  in  their 
•or  coo  I  ed  wafer  .  Early  work  f_  I  F  i  cave  the  :;ub  I  i  mat  i  on  ♦hreesho  I  ii 
-  !  7C  .  However  ,  it  i.as  since  been  recon  f  i  rmed  [20.1,  j  2! "]  that 
is  three  hr;  Id  a  I  so  is  about  -AC. 


The  subl imation  mechanism  was  questioned  further  by  the  increasing 
evidence  that  Agl  acts  primarily  as  a  freezing  nucleus.  Edwards 
end  Evans  f22]  experimentally  demonstrated  how  small  Agl 
■arti'len  were  efficient  nuc  lea  tors  onlv  if  they  were  enclosed 
or  'am''  in  contact  with  super  cooled  waler.  T  hey  also  found 
'■  if  nfoijt  I  I  'Yy  ■  c- 1  a  t  i  vo  humidify  was  required  It-  induce  nuc  lent  i  on 
if  the  par*  ir  I  o',  did  r.ol  see  waler.  birice  the  rcl  alive  huniditv 
in  natural  ■. loads  rarely  exceeds  101$,  they  concluded  that  the 
■  a  lent  ion  of  e.  e  must  depend  primari  ly  on  the  col  I  ision  of  the 
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At; l  particles  with  +  r,e  supercooled  cloud  droplets,  which 
1  hen  froze.  ihe  work  of  irony  [20],  [23-28]  supported  1  hat 
conclusion.  Still,  much  more  ouantitativo  data  is  reuuired  to 
clarify  the  role  tk.it  each  'uiclea+ior  mechanism  p  I  ays  as  a  function 
of  ir, cloud  e-'vi  r  orment .  Nevertheless,  the  evidence  of  the  -4C 
f  fee?  i  no)  th'*eshold  and  the  observed  importance  of  the  freezing 
mechanism  suggest  1  he  possibility  that  the  many  experimental 
activity  curves  which  have  been  drawn  next  to  i:  I  etcher’s 
sublimation  theory  curve  really  reflect  ihe  freezing  and  not  the 
sublimation  behavior  of  Acl . 

The  concept  of  thresnold  temperature  in  ‘-le+ehe,~*s  theory  was 
shown  to  be  irval  !c  [23],  [24],  [29],  According  to  his  theory, 

■'be  nadwai  ion  rate  of  particles  of  a  given  size  is  either 
negligible  on  sc  I  urge  that  all  particles  activate.  This  rapid 
change  ir  the  rates  occurs  at  an  amount  of  supercooling  termed  the 
rnresrolc  temperaf ure .  cd wards  et  ai .  [23]  observed  +  he  ice 
nuc.leation  of  mcnoc  i  sperse  A  a  I  particles  in  w  a  t  e  r ,  but  did  not  find 
threshold  temperatures  f or  * fio  trree  cariicle  sizes,  0.17,  0.73, 

3rd  3. hum,  studied.  instead  they  determined  That  a  fraction  o*  the 
particles  c*  each  size  activated  and  that  the  activity  was  proportions 1 
to  the  particles’  surface  area  vr  any  given  temperature. 

■vjf  z  [29]  and  Vossop  arc  Yayaweora  [24.,.  observed  +he  same  effects 
w  i  *r.  si  zee  Agi  particles  in  a  cloud  chamber, 

!h  n. a o  n c T  been  pointed  ojt  ir,  the  lilcrature  th.jt  the  concept  of 
■'hrostoij  temper  a  '  v, re  -s  arse  >  neons :  s- ent  witu  tre  nucleaticn  time 
loc  observed  t  i  r  s  t  by  vcnnegu-  t.?.j  a”d:  again  by  Warbjrron  and 
rc;fferr.on  [30].  Agl  particles  were  found  to  nucleate  ice  in  tne 
coi  d  chamber  ir.  decreasing  amounts,  even  after  30  minutes  had 
elapsec.  $:rco  ♦no  theoretical  nucleaticn  rate  for  a  given  size 
o *  Agl  particles  on  either  side  cf  Ihe  threshold  temperature 
is  either  immense  cr  negligible,  those  particles  with  smaller 
sizes  should  nor  activate  at  all,  wn  i  i  e  those  with  larger  sizes 
should  oppeur  almost  i  nstuntareous  I  y .  Thus  a  theoretical  lime  lag 
Is  rt  *  possible.  Fletcher’s  [7]  explanation  of  the  time  lag  was 
i  r.oor  si  stent  w  i  Tn  his  own  tneory.  He-  felt  that  the  different 
nucleaticn  rates  of  pc ! yd i sperse  Agl  particles  accounted  for 
tne  experimental  observat ions . 

■ne  temperature  dependence  cf  tr,e  time  lag  suggested  to  towards 
er.C  i  vans  [20]  tt  it  a  possible  exploration  »as  fourc  ir  the  longer 
* !  me  reauired  for  tne  better  jr<j  more  hydrophobic  nucleaticn  sites 
to  become  wetted  at  tne  warmer  temperatures .  Vonnegut  [2] 
explained  the  time  lag  as  c.;e  to  the  chance  occurrence  of  creating 
a  stable  ice  empryo  cn  tne  Agl  sur  face,  re  felt  1  hat  tne  temper at  ure 


dependence  of  the  time  effect  ruled  out,  as  an  explanation  of  the 
time  lag,  the  additional  time  required  for  the  particles  to 
diffuse  to  the  droplets.  It  is  interesting  to  note  hew  the 
majority  of  experimental  work  with  Agl  has  ignored  the  early 
observations  of  nucleation  time  dependency. 

The  failure  of  Fletcher's  theory  to  account  for  the  observations  of 
fractional  activity  and  the  dependence  of  activity  on  particle  area 
was  blamed  on  his  assumption  that  any  part  of  the  uniform  surface 
of  the  Agl  particle  was  as  likely  as  ary  other  part  to  nuelea+e 
the  ice  phase.  Edwards  fit  al .  [23]  neatly  accounted  for  the 
observations  by  postulating  instead  the  existence  of  an  inhomogeneous 
Agl  surface  on  which  randomly  distributed  sites  of  widely 
different  efficiencies  nucleated  ice.  Various  proposals  nave 
been  made  about  the  unknown  nature  of  these  'active  sites,'1 
including  hygroscopic  patches  of  impurity  atoms  [31],  [.32!], 
electrical  inhomogeneities  [20*1,  and  crystal  growth  steps  [33]. 

Since  the  first  two  types  of  sites  affect  the  adsorption  of  water  on 
the  Agl  surface,  they  might  wel I  be  important  in  nucleation  by 
sublimation.  However,  their  roles  in  freezing  are  uncertain. 

The  third  type  of  site  was  used  by  Fletcher  [33]  to  develop  new 
rate  expressions  for  nucleation  by  freezing.  He  was  now  convinced 
that  his  earlier  application  of  classical  theory  was  incorrect. 

Nearly  all  of  the  experiments  referred  to  above  have  suggested 
errors  in  various  aspects  of  Fletcher's  original  theory.  Yet  only 
a  handful  of  work  has  been  done  on  the  most  important  one:  the 
theory  essentially  tries  to  predict  the  size  of  the  Agl  particles 
below  which  they  no  longer  assist  nucleation.  Probably  tnat 
size  as  well  as  the  size  of  most  of  fhe  particles  from  Agl 
generators  is  below  Q.lym.  Thus  measurements  of  the  rel  atio.;Shi  p 
between  nucleation  ability  and  particle  size  in  that  range  are 
of  tne  greatest  relevance  not  only  for  comparison  with  the  theory, 
but  also  for  discovering  the  most  active  generator  output. 

Owing  to  the  difficulty  of  determining  particle  size  spectra 
below  0.1  urn,  those  measurements  have  not  beer,  completed.  Some 
results  were  obtained  by  Maruyama  [34],  ’-Iossod  and  Yayaweera  [24], 
Sano  et  al.  [35],  and  Edwards  and  Evans  [22].  The  first  three 
investigators  measured  the  nucleus  size  cf  replicated  ice  crystals 
formed  by  Agl  smoke  particles  injected  into  a  cold  chamber. 

Maruyama  found  0.4,  0.2.  and  O.OSum  to  be  the  sizes  of  the  smallest 
active  nuclei  at  -5,  -10,  and  -i4C,  respectively,  although  the 
increments  in  his  size  histogram  were  about  0.1  ym.  ‘Aossop  and 
Yayaweera  tested  Agl-Nal  smoke  and  also  found  a  temperature 
dependence,  but  shifted  to  smaller  particle  sizes.  The  involved 
nature  of  the  replication  teennique  appears  to  have  made  impractical 
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j  thorough  s^udy  of  the  activity-particle  si2e  relationship. 

The  last  two  groups  of  Investigators  sized  the  Agl  particles 
before  testing  their  activity,  Sano  et  al .  found  approximate 
agreement  with  Fletcher's  sublimation  theory,  while  Edwards  and 
Evans  concluded  that  particles  of  about  0.02pm  activated  Ice  near 
-9C  by  the  freezing  mechanism.  Two  difficulties  are  encountered 
in  sizing  Agl  particles  beforehand.  Not  only  Is  the  definite 
connection  between  the  particles'  size  and  activation  lost, 
but  in  addition  a  guess  must  be  made  of  the  nucleatlon  mechanism 
when  the  particles  are  blowr  into  the  cold  box. 


centrifugal  sizing  of  nucu. 

Allee  e+  al.  [36]  proposed  a  new  techniou.  that  promised 
To  el  irrinate  the  experimental  difficulties  of  sizing  active 
ice  nuclei.  Essentially,  the  Goetz  Aerosol  Spectrometer,  a 
high-speed  centrifuge  developed  by  Coefz  et  al .  [37],  is  used  to 
ceposit  airborne  nuclei  along  its  inert  collection  foil  according 
to  their  size.  The  foil  is  removed  from  the  centrifuge,  cooled 
to  the  desired  subfreezing  temperature,  and  then  humidified 
ir.  a  way  wnich  simulates  the  conditions  for  nucleation  by  either 
sublimation  or  freezing.  In  this  controlled  environment,  the 
active  nuclei  grow  into  visible  ice  crystals,  to  find  their  size, 
only  the  location  of  the  ice  crystals  need  be  recorded  since  the 
coordinates  of  the  foil  are  related  to  particle  size  by  Stokes 
law  afler  calibration  of  i ne  foil  with  particles  of  known  size, 
snape,  ana  density. 

The  centrifuge  technique  has  been  tried  several  times  with  Agl 

smoke  particles.  On  two  occasions  (Allee  et  al.  [38],  and  Gerber  [39]) 

the  measured  activity  spectrum  of  the  Agl  particles  between  the 

sizes  of  0.02  and  0.1pm  closely  resembled  the  predictions  of 

Fletcher's  sublimation  theory.  However,  Gerber  [40]  later 

suggested  that  the  freezing  mechanism  hac  actually  been  observed 

due  to  flaws  in  the  experimental  procedure.  Additional  measurements 

[d | ]  of  the  particles'  freezing  activity  gave  results  which  differed 

somewhat  from  the  previous  work.  Some  uncertainty  existed  in 

these  last  measurements  since  the  size  of  the  Agl  particles 

was  difficult  to  define  due  to  their  highly  coagulated  nature. 

In  addition,  a  large  error  might  have  been  included  since  the 
nucleation  time  lag  again  was  not  accounted  for.  Obviously, 
tne  centrifuge  technique  had  nut  yet  been  successfully  utilized. 

The  Goetz  Aerosol  Spectrometer  was  chosen  for  the  present  study 
because  it  is  the  only  available  instrument  capable  of  determining 
the  small  sizes  of  active  Agi  particles.  Although  the  manufacturer 
of  this  centrifuge  claimed  sizing  accuracy  for  polydisperse 
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particles  between  0.03  and  3.0ym,  controversy  surrounded  the 
accuracy  of  its  measurements  for  many  years.  In  a  comprehensive 
theorerical  discussion  of  the  instrument’s  behavior,  Sfober  and 
Zessack  showed  thaT  the  centrifuge  hue  i  nhereni  flaws  which 

prevented  it  from  accurately  sizing  particles.  Alinoug-  they 
offered  a  limited  amount  of  supporting  experimental  work,  some 
question  of  the  instrument's  capabilities  still  remained.  They 
had  not  explained  why  the  original  calibration  work  of  Goetz 
et  al .  C37]  reflected  proper  operation  cf  the  centrifuge. 

Additional  experimental  evaluations  of  the  centrifuge  failec  to 
clarify  its  usefulness.  Raabe  [43j  sided  with  the  theory, 
but  the  statistical  error  of  his  data  was  too  large  to  Derri t  a 
firm  conclusion;  the  work  of  Baust  []44j  found  abnorma  I  i  ties  in 
tne  operation  of  the  centrifuge,  but  net  i  r.  the  manner  predicted  bv 
Stobe"  and  Zessack  £ 42j. 

Gerber's  recent  evaluation  of  all  the  previous  work  concluded  that 
the  verdicts  of  the  instrument’s  capabilities  lacked  experimental 
evidence  C45].  As  a  result  of  the  first  thorough  calibration, 
he  discovered  tne  operating  conditions  for  accurate  use  of  the 
centrifuge,  the  i  ncorrect  assumption  which  invalidated  the  theory 
cf  Stoter  and  Zessack,  and  an  explanation  of  Ihe  inconsistencies 
in  the  previous  calibration  attempts.  The  one  other  corr.merci  al  I  y 
available  centrifuge  [46]  was  not  Suitable  for  the  present  purpose, 
Since  it  loses  its  resolution  for  particles  smaller  than  about 
0.1 yn. 


CONCLUDING  REMARKS 

The  subsequent  papers  of  This  stucy  will  describe  the  use  of  the 
centrifuge  technique  to  measure  the  ability  of  Agl  smoke  particles 
to  nucleate  supercooled  water  as  a  function  of  particle  size. 
Temperature,  and  activation  time.  The  exoer i menta I  aspects, 
generation  of  the  Agl  particles,  measurement  of  their  shape  anc  size 
distributions,  construction  of  a  new  cold  chamber  with  me  proper 
temperature  and  humidity  control,  and  the  measurement  of  The 
act i ve  f racT ion  of  The  Agl  part icles  wi I  I  be  gi ven  i n  dela i I . 

In  addition,  another  look  will  be  taken  at  Fletcher's  theories  to 
see  how  they  fare  in  the  particle  size  region  where  they  should 
be  most  appl icabl e. 

If  is  hoped  that  this  effort  will  answer  some  of  the  many  remaining 
questions  concerning  the  action  of  Agl  as  a  freezing  nuc!eus. 

These  questions  include:  What  is  Ihe  physical  nature  ol  tne 
nucleation  process,  and  can  this  process  be  described  Theoretically, 
what  is  the  proper  role  cf  +he  nucleation  tine  lag,  and  perhaps 
mos-1  important  of  al1,  what  is  the  rel  at  ior.sn i  p  between  Ac! 
pc ri i c I e  size  and  nucleating  ability? 
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